Van der Waals layered materials, such as transition metal dichalcogenides (TMDs), are an exciting class of materials with weak interlayer bonding which enables one to create so-called van der Waals heterostructures (vdWH). 1 One promising attribute of vdWH is the ability to rotate the layers at arbitrary azimuthal angles relative to one another. Recent work has shown that control of the twist angle between layers can have a dramatic effect on vdWH properties, including the appearance of superconductivity, 2,3 emergent electronic states, 4-7 and unique optoelectronic behavior. 6-11 For TMD vdWH, twist angle has been treated solely through the use of rigid-lattice moiré patterns. No atomic reconstruction, i.e. any rearrangement of atoms within the individual layers, has been reported experimentally to date. However, any atomic level reconstruction can be expected to have a significant impact on the band structure and all measured properties, and
its existence will fundamentally change our understanding and theoretical treatment of such systems. Here we demonstrate that vdWH of MoSe2/WSe2 and MoS2/WS2 at twist angles ≤ 1° undergo significant atomic level reconstruction leading to discrete commensurate domains divided by narrow domain walls, rather than a smoothly varying rigid-lattice moiré pattern as has been assumed in prior work. Using conductive atomic force microscopy (CAFM), we show that the stacking orientation of the two TMD crystals has a profound impact on the atomic reconstruction, consistent with recent theoretical work on graphene/graphene and MoS2/MoS2 structures at small angular misalignments 12 and experimental work on graphene bilayers [13] [14] [15] and hBN/graphene heterostructures. 16 The individual layers of vdWH possess exceptionally strong intra-layer bonding and weak inter-layer bonding, with no chemical bonds between the layer planes. The weak interlayer bonding frees one from the constraint of lattice matching, thereby enabling a new approach for "materials by design" by sequentially stacking non-lattice matched monolayers to form unique van der Waals heterostructures, an avenue not possible with traditional epitaxial approaches dominated by out-of-plane bonding. 1 This represents a "bottom up" approach towards design and fabrication of new materials that do not exist in nature, and a new class of atomic-scale heterostructures that are expected to exhibit properties and functionality beyond the limits of their bulk counterparts.
In addition to selection of the stacking sequence, the azimuthal orientation or "twist angle" between such layers can be independently controlled, and provides an additional degree of freedom not present in conventional materials. The superposition of two similar patterns, such as atomic lattices, often gives rise to an additional larger periodicity known as a moiré pattern. A moiré pattern can arise either from a difference in lattice constant of the two patterns or a twist angle between the two patterns. In vdWH formed from materials with markedly different lattice constants, a moiré pattern forms regardless of angular misalignment, as has been demonstrated for TMD vdWH. 18 In vdWH formed from materials with nearly identical lattice constants, such as the vdWH investigated in this work, a moiré pattern will form for any misalignment angle between the two layers.
We fabricated MoSe2/WSe2 and MoS2/WS2 vdWH as described in the Methods.
Triangular single-crystal grains of monolayer TMD were grown by chemical vapor deposition (CVD) and the edges of the triangular grains were used for angular alignment of layers during fabrication. We consider two twist angle configurations of interest: 0° alignment in which the triangle vertices are aligned to one another at an angle of 0°+δ, where δ is the misalignment angle as shown in Fig. 1 (a) and 60° alignment in which the triangle vertices are aligned to one another at an angle of 60°+δ as shown in Fig. 1(d) .
The expected moiré pattern for a 0°+δ and a 60°+δ structure is shown in Fig. 1 (a) and Fig. 1(d) , respectively. The plots are shown for δ = 4° for clarity, but the pattern is similar for different angles (see Fig. S1 ). Although the local stacking arrangement (i.e. the relative spacing orientation of atoms in the two layers) varies continuously across the structure, each point in the moiré pattern approximates a stacking arrangement that is obtained by simple translation of one atomic lattice relative to another without any twist angle. 12 Certain points in the moiré pattern correspond to high-symmetry stacking arrangements.
In Fig. 1(a) , two high-symmetry stacking arrangements are labeled with green and gold circles for the 0°+δ vdWH: AB (transition metal [A] in top layer is above the chalcogen [B] in the bottom layer) and BA (chalcogen in top layer is above the transition metal in the bottom layer). In Fig. 1(d) , one high-symmetry stacking arrangement is labeled with red circles for the 60°+δ vdWH: ABBA (transition metal in top layer is above the chalcogen in the bottom layer and the chalcogen in the top layer is above the transition metal in the bottom layer). (See Table S1 for a summary of the different stacking arrangement nomenclature used in the literature.) Importantly, moiré patterns in vdWH, like those shown in Fig. 1 (a) and Fig. 1(d) , are simply a consequence of the geometry of the rigid lattices and do not account for interlayer interactions.
The significance of the high symmetry points labeled in Fig. 1 (a) and Fig. 1 (d) are that these stacking arrangements correspond to the minimum interlayer stacking energy in the structures. Figure S2 shows similar calculations for MoS2/WS2 vdWH which exhibit similar behavior to MoSe2/WSe2 vdWH.) From Fig. 1(b) , the 0° structure exhibits two degenerate low-energy stacking arrangements: AB and BA. This spatial variation in stacking energy causes a driving force for atomic reconstruction such that the AB and BA domains will grow, as depicted in the inset of Fig. 1(b) . Since each AB domain has three nearest neighbor BA points (and vice versa), we anticipate that the AB and BA domains will be triangular, similar to theoretical predictions for 0° MoS2/MoS2 vdWH. 12 In contrast with the 0° case, the 60° structure exhibits a single low-energy stacking arrangement: ABBA [ Fig. 1 
Similar to the 0° case, there is driving force for atomic reconstruction, but there will only be one domain type, as depicted in the inset of Fig. 1 (e). Since each ABBA point has six nearest neighbor ABBA points, we anticipate that the ABBA domains will be hexagonal, similar to theoretical predictions for 60° MoS2/MoS2 vdWH. 12 The degree to which atomic reconstruction occurs depends on the relative strength of the potential energy gradient due to interlayer stacking energy, which drives atomic reconstruction, and the restoring force due to intralayer strain, which opposes atomic reconstruction. 12 which is a significant departure from the pattern anticipated from a simple rigid-lattice moiré pattern (i.e. no consideration of interlayer interactions). Figure 1 (c) shows a CAFM measurement of a MoSe2/WSe2 vdWH with 0°+δ alignment where we estimate δ = 0.4° from the period of the pattern (see Fig. S3 for details of angle estimation). The measurement reveals a lattice of discrete triangular domains with alternating high and low conductivity, which is not expected from conventional moiré theory. The existence of triangular domains is instead consistent with atomic reconstruction, which produces large commensurate domains of the lowest stacking energy structures, as shown in the inset to Fig. 1(b) . The presence of two types of domains with different conductivity agrees with the prediction of two low energy stacking configurations, AB and BA, which our DFT calculations further predict to have different electronic properties (discussed below). Importantly, the AB and BA domains are non-equivalent in MoSe2/WSe2 vdWH because the layers are not the same, 19 which is different from the case of graphene/graphene or MoS2/MoS2 structures. 12 We also observed a similar pattern of alternating conductivity triangular domains in 0°+δ MoS2-WS2 vdWH (Fig. S4 ).
A strikingly different pattern is observed for the 60° alignment, as shown by the CAFM image in Fig. 1 (f) for a similar MoSe2-WSe2 vdWH, but with 60°+δ alignment with estimated δ = 0.5° -0.8°. The measurement shows large hexagonal domains with constant conductivity separated by domain boundaries of different conductivity, a significant departure from conventional moiré theory in which one expects a continuously varying band structure. 4 The existence of hexagonal domains is instead consistent with atomic reconstruction to form large commensurate hexagonal domains, as shown in the inset of Fig. 1 (e). The constant conductivity observed for all domains is consistent with the prediction of a single low-energy stacking configuration for 60° aligned structures.
TEM data corroborate the presence of atomic reconstruction in MoSe2/WSe2 vdWH and demonstrate the transition between simple rigid-lattice moiré patterns at large twist angles and atomic reconstruction at small twist angles. Figure 2 (a) shows a schematic of Sample 1, which is a 0°+δ structure with δ = 3°. Figure 2 The two domains in the WSe2 flake are separated by mirror twin boundaries. 21 Therefore, this sample has both 0° and 60° vdWH immediately adjacent to one another, separated by the WSe2 mirror twin boundaries. Figure 2 ]. We also observe that the average area of hexagonal domains in the 60° region is approximately twice that of the triangular domains in the 0° region, as anticipated from the diagrams in Fig. 1(b) and Fig. 1(e) .
As the angular misalignment decreases, the size of reconstructed domains increases. Figure 2 (g) shows a schematic of Sample 3, which is similar to Sample 2, except the orientation of the MoSe2 layer is rotated by 60°. Figure 2 The presence of atomic reconstruction has significant implications for the electronic and optical properties of TMD vdWH. Figure 3 for both Vs > 0 and Vs < 0. We hypothesize that variation in size and aspect ratio of the hexagons and triangles indicates local variations in strain. 22 Figure 3 (c) shows a closeup of a single hexagon from the 60° region. The domain walls in the 60° region exhibit two parallel bands, one band with higher conductivity than the hexagonal domains (labeled with red boxes) and one band of lower conductivity than the hexagonal domains (labeled with gray boxes). Also, the vertices of the hexagon alternate between high conductivity (red circles) and low conductivity (gray circles). This complex domain wall behavior is consistent with the complex atomic arrangements at domain walls predicted by theory 12 and seen experimentally in graphene-graphene structures. 13 To understand the nature of CAFM contrast and to assign structures to the different domains, we used DFT to calculate the band structures of the low-energy stacking configurations. A simplified picture of the conduction band minimum (CBM) and the valence band maximum (VBM) for each low-energy stacking configuration is shown in Fig. 3(d) . Full band structures are shown in Fig. S8 . From the DFT calculations, the CBM for BA stacking is lower than the CBM for AB stacking and the VBM for BA stacking is higher than the VBM of AB stacking. This is consistent with BA stacking being more conductive for both Vs > 0 and Vs < 0 because sample bias will translate the position of the vdWH band structure relative to the fermi level of the CAFM tip. Vs > 0 corresponds to the fermi level of the CAFM tip moving toward to the conduction band, such that Vs > 0 primarily samples the conduction band. Vs < 0 corresponds to the fermi level of the CAFM tip moving toward the valence band, such that Vs < 0 primarily samples the valence band. This interpretation is similar to the conventional interpretation of scanning tunneling microscopy dI/dV curves. It follows that the higher conductivity triangles have BA structure and the lower conductivity triangles have AB structure. One high conductivity triangle (BA) is labeled in gold and one low conductivity triangle (AB) is labeled in green in Fig. 3(a-b) .
We assign ABBA structure to all hexagons in the 60° region because this is the single low-energy stacking configuration. One hexagon is labeled in red in Fig. 3(a-b) . General agreement between CAFM experiments and DFT band structure calculations suggests that DFT band structure calculations capture the qualitative physics of these heterostructures.
With an understanding of the electronic structure of the MoSe2-WSe2 vdWH from DFT, we turn to investigating the interlayer optical behavior of the structures. Figure 3(e) shows a spatial map of the wavelength of maximum PL intensity in the range from 900 to 1000 nm (the emission range of interlayer excitons) [23] [24] [25] [26] at room temperature for Sample 3 from Fig. 2 . Figure 3 (f) shows a typical spectrum for the 0° structure and the 60° structure at room temperature. From Fig. 3 (e) and Fig. 3(f) , there is a clear change in peak emission wavelength for the 0° structure as compared to the 60° structure. The 0° structure exhibits an average wavelength of 961 nm and the 60° structure exhibits an average wavelength of 926 nm. The lower energy (longer wavelength) of the interlayer exciton in the 0° structure as compared to the 60° structure is consistent with the calculated DFT bandgaps, shown in Fig. 3(d) . Namely, the smallest bandgap in the 0° structure (BA) is smaller than the bandgap of the 60° structure (ABBA), and the difference in the bandgap of these two structures from DFT (22 meV) compares well with the observed difference in PL emission energy (29 meV) . This suggests that the interlayer exciton behavior of vdWH with atomic reconstruction can be understood by considering the band structure of the commensurate domains without considering an additional moiré potential.
In summary, the rigid-lattice moiré construction typically used as a starting point to calculate or interpret the properties of a TMD vdWH is not appropriate for the case of small twist angles (≤ 1°). Instead, our findings indicate that atomic reconstruction is significant for nearly lattice-matched TMD/TMD vdWH at small twist angles. We believe that such reconstructions will occur in any bilayer system with clean interfaces in which the energy gained from adopting low energy vertical stacking configurations is larger than the accompanying strain energy. Such atomic level reconstruction can be expected to have a significant impact on the band structure and all measured properties, and its existence will fundamentally change our understanding and theoretical treatment of such systems. Future efforts to understand and manipulate similar heterostructures should account for atomic reconstruction in order to precisely describe these systems. 
Methods

Chemical Vapor Deposition Growth
Sample Preparation
All vdWH stacks (MoSe2-WSe2-hBN for TEM and MoSe2-WSe2-graphite for CAFM) samples were fabricated by water-assisted-pick-up transfer method 27 along with the nano-squeegee technique. 28
For the CAFM samples:
First, a monolayer CVD MoSe2 single crystal was picked up by PDMS stamp, then aligned and transferred onto a monolayer CVD WSe2 single crystal followed by the nanosqueegee 28 to create a clean interface between the TMD layers. Second, the MoSe2-WSe2 stack was picked up and transferred onto the desired graphite flakes (mechanically exfoliated) followed by nano-squeegee. 28 
Atomic Force Microscopy
We performed CAFM measurements on a Keysight 9500 AFM & using conductive diamond coated cantilevers (AIO-DD from Budget Sensors) & . The AFM sample chamber was continually purged with nitrogen and the relative humidity was approximately 3%.
Bias applied to the sample backplane (gold) caused current flow between the backplane and the tip. A current amplifier connected to the tip recorded the current. In order to improve spatial resolution, the applied tip load was reduced as much as possible in order to reduce the tip-sample contact area.
Photoluminescence
We performed PL measurements at room temperature in a scanning confocal microscope 
Density Functional Theory Calculations
We use the generalized gradient approximation (GGA) 29 and the projector augmented wave (PAW) potentials 30, 31 implemented in VASP. 32 For the selenide bilayers, we use metal potentials with 14 valence electrons and selenide potentials with 6 valence electrons. For the sulfide bilayers, the metal and sulfur potentials we use each has 6 valence electrons. For both materials, each calculation is done with an 8x8x1 Γ-centered k-point mesh and a plane wave energy cutoff of 450 eV. For the MoSe2/WSe2 calculations, an in-plane lattice constant a=3.293 Å was used for the 60° structures, and a=3.295 Å was used for the 0° structures. For the MoS2/WS2 calculations, an in-plane lattice constant a=3.293 Å was used for the 60° structures, and a=3.295 Å was used for the 0° structures. The out-of-plane lattice constant is 30 Å for all systems, resulting in about 20 Å of vacuum, with the exact amount depending on interlayer spacing. The van der Waals interaction between layers is modeled using the DFT-D3 method of Grimme. 33 To obtain the stacking energies, we relaxed each structure with the chalcogens allowed to relax in all three cartesian directions and the metals fixed in the x-y plane and allowed to relax along the layer normal (z). Fig. 2 ). The 0°+δ heterostructure has triangular domains of alternating conductivity, which we assign to AB and BA crystal structures. The 60°+δ heterostructure has hexagonal domains which we assign to ABBA crystal structure. (c) Closeup CAFM of a single hexagon from the 60°+δ heterostructure showing that the domain walls have regions with low conductivity (gray boxes) and high conductivity (red boxes). Also, the hexagon vertices alternate between low conductivity (gray circles) and high conductivity (red circles). (d) DFT calculations of conduction band minimum (CBM), valence band maximum (VBM), and bandgap for the AB, BA, and ABBA crystal structures. Both the CBM and the VBM of BA lie within the band edges of AB, consistent with the gold domains labeled in (a-b) being more conductive than the green domains for both Vs < 0 and Vs > 0. The order of the bandgaps in increasing order is BA, ABBA, AB. Vs causes fermi level of the AFM tip, Ef,tip, to translate relative to the heterostructure band edges. (e) Map of wavelength of maximum PL signal for Sample 3 (from Fig. 2 ) within the range 900 -1000 nm, which is the expected region for interlayer exciton emission. There is a clear change in emission energy between the 0°+δ heterostructure and the 60°+δ heterostructure. (f) Sample spectrum from the 0°+δ (gold) and 0°+δ (red) heterostructures, showing a clear shift in the PL spectrum. The points for the spectra are labeled in (e). 
